Higher visual functions were investigated in patients treated for bilateral congenital cataracts in two experiments. Participants were asked to detect either real or illusory contours (Kanizsa squares in Experiment 1 or one of four different Kanizsa contours in Experiment 2) among distractor items. Compared to normally sighted participants matched for age, gender and education, cataract patients treated after the age of 5-6 months took relatively longer to detect Kanizsa figures (Experiments 1 and 2) and they had higher miss rates (Experiment 2). The present results suggest that the ability of visual feature binding depends on early visual input and is permanently impaired if patterned vision is prevented in early infancy for 5 months or more.
Introduction
Although infants are born with some basic visual skills, vision is rather poor in neonates. Visual functions develop rapidly in the first months of life and experience seems to play a crucial role in guiding visual development. Children born with dense bilateral cataracts provide an opportunity to study the effects of a temporally limited visual deprivation on the development of different visual functions in humans. A cataract is a blurring of the lens of the eye that prevents patterned visual input from reaching the retina. The cataractous lens is usually surgically removed and replaced by an intraocular lens or a contact lens so that focused light reaches the retina at least for one viewing distance.
Research on visual outcomes after infantile cataracts has focused mainly on basic visual functions. Children deprived of patterned visual input during the first months of life have been reported to show impairments later in life in visual acuity (Lewis, Maurer, & Brent, 1995; Maurer & Lewis, 1993 ; for a review see Maurer & Lewis, 2001) , spatial and temporal contrast sensitivity (Ellemberg, Lewis, Maurer, Lui, & Brent, 1999) , and stereopsis (reviewed in Maurer & Lewis, 1993) , and they frequently seem to suffer from visual field constrictions (Bowering, Maurer, Lewis, & Brent, 1997) . There are only a few studies on higher visual functions showing that patients treated for congenital cataracts exhibited a reduced sensitivity compared to normal controls in the perception of global motion (Constantinescu, Schmidt, Watson, & Hess, 2005; Ellemberg, Lewis, Maurer, Brar, & Brent, 2002) and global form (Jeffrey, Wang, & Birch, 2004; Lewis et al., 2002) . Furthermore, cataract patients showed impairments in face processing, predominantly in holistic and configural aspects (Geldart, Mondloch, Maurer, de Schonen, & Brent, 2002; Le Grand, Mondloch, Maurer, & Brent, 2001; Le Grand, Mondloch, Maurer, & Brent, 2004) .
The goal of the present study was to investigate the effect of early visual deprivation on the process of feature binding operationalised with illusory contour perception in Kanizsa-type figures. Electrophysiological data have suggested that early visual cortical areas that are activated by real contours participate in the processing of illusory contours as well. For example, Lee and Nguyen (2001) studied the responses of neurons in rhesus monkeys' early visual areas to Kanizsa figures. They found that both V1 and V2 neurons responded to illusory contours. In a PET study in humans, Ffytche and Zeki (1996) found V2 activation in response to illusory Kanizsa triangles compared to a control stimulus comprising the same stimulus parts as the illusory triangle but rotated in a way that no illusory object was perceived. In addition to early visual cortex, higher visual areas, among them the lateral occipital complex (LOC), seem to play a critical role in the perception of illusory contours (Murray et al., 2002; Stanley & Rubin, 2003) . Measuring cortical activation to Kanizsa-type illusory shapes with magnetoencephalography, Halgren, Mendola, Chong, and Dale (2003) were able to describe the temporal sequence of brain activations elicited by these stimuli. Comparing MEG activity during the perception of illusory squares with MEG activity during the presentation of control stimuli with outwardly rotated pacmen, they found a significant difference at $110 ms in the occipital pole and at $155 ms in LOC. Subsequently, the occipital pole as well as ventral occipital and temporal cortices (lingual and fusiform areas), and finally ventral orbitofrontal cortex were more activated by illusory contour stimuli than by control stimuli. The authors interpreted the relatively late V1/V2 activation as a top-down modulation by lateral occipitotemporal and ventral temporal areas.
Thus, the available evidence suggests that at least two mechanisms are involved in the perception of illusory contours (for a review of functional neuroimaging findings on illusory contour perception see Seghier & Vuilleumier, 2006) . The first mechanism involves early visual areas V1/V2 that have small receptive fields and are organized retinotopically. These areas are engaged in the local processing of basic object features like edges and angles and thus provide the basis for contour perception (Hess & Field, 1999; Lee, Mumford, Romero, & Lamme, 1998) . The second mechanism involves higher visual areas as the LOC. These areas combine local object features to form a percept of global form, resulting in the extraction of the illusory object's contour. It is assumed that higher visual areas modulate activity in V1/V2 via feedback connections to complete boundary perception (Halgren et al., 2003; Hupé et al., 1998) . Illusory contour stimuli thus seem promising for investigating object feature binding capacities in higher visual areas.
Infant studies suggest that illusory contour perception emerges around seven months of age (Bertenthal, Campos, & Haith, 1980) . In accordance with these results, 8-montholds, but not 5-month-olds, perceived the figure formed by illusory Kanizsa contours as having properties of a real object that can act as an occluder (Csibra, 2001) . Moreover, in an EEG study, Csibra, Davis, Spratling, and Johnson (2000) found that the perception of illusory contours in 8-month-olds, but not in 6-month-olds, was associated with the same gamma-band oscillations as in adults. Gamma-band oscillations in the EEG have been associated with the process of feature binding Tallon, Bertrand, Bouchet, & Pernier, 1995) . Younger children (3-4 months old) perceived illusory contours only when they were combined with movement (Otsuka & Yamaguchi, 2003) . Thus, it seems that the processes necessary to perceive illusory contours are not innate. Cataract patients provide a model to study if visual experience is necessary for the postnatal development of these functions.
If the lack of normal visual input in early infancy affects not only striate cortex but also the development of higher visual areas and intercortical visual processing pathways that are essential for combining local object features to form a coherent object, early visual deprivation is expected to result in difficulties perceiving illusory contours. Evidence for the disruptive effect of a period of visual deprivation starting in early childhood on the perception of illusory shapes comes from the case of M.M. studied by Fine et al. (2003) . M.M. had been blind from the age of 3-43 years. Two years after having received a corneal transplant he was still not able to recognize illusory shapes in Kanizsa figures. Whereas M.M. lost sight relatively late and remained blind for about 40 years, our participants were visually deprived during the first months of their lives. We investigated the performance of patients treated for congenital bilateral cataracts in detecting Kanizsa-type figures among distractor items in two experiments: In Experiment 1, detection times for Kanizsa squares were compared to detection times for real squares. In Experiment 2, four different illusory contours were used so that participants did not know in advance which figure, if any, was presented in the next trial. We hypothesized that early visual input during the first months of life is necessary for fully developing processes related to visual object feature binding. Thus, impaired processing of illusory contours in patients with congenital cataracts was expected.
Experiment 1

Methods
Participants
Four groups of participants were investigated: 14 patients treated for dense binocular congenital cataracts were divided into two groups, depending on the duration of deprivation: Participants in group 1 (N = 7; 2 male; aged 13-48 years, mean age: 21 years) were treated before the age of 6 months (median duration of deprivation: 3 months; range: 1.5-5 months), participants in group 2 (N = 7; 3 male, aged 17-33 years; mean age: 26 years) were treated after the age of 6 months (median duration of deprivation: 8 months; range: 6-17 months). Cataracts were diagnosed during the first three (group 1) and 10 (group 2) months after birth, respectively. Cataracts were determined to be congenital either based on the age at detection or on family history: In 13 patients cataracts were detected until the end of the sixth month of life. As it is very unusual that dense cataracts develop rapidly between birth and the sixth month of life, these patients were assumed to have suffered from congenital deprivation. In one patient, cataracts were not diagnosed until 10 months of age. As congenital cataracts are often hereditary (autosomal-dominant) and this patient had a child whose dense bilateral cataracts were diagnosed immediately after birth we assume that cataracts were congenital in this patient as well (see Section 4). As determined through medical records and reports by family members, patients diagnosed by 6 months of age did not have pattern vision in either eye prior to the cataract surgery during which the cataractous natural lenses were removed. The patient diagnosed later did not have pattern vision during the months before surgery, but although her vision was never normal we cannot definitely exclude the possibility that she had residual pattern vision during the first months of life. Shortly after cataract surgery contact lenses or glasses were fitted to allow patterned visual input. Mean visual acuity in the better eye was 20/45 (range: 20/20-20/330) in group 1 and 20/ 85 (range: 20/50-20/200) in group 2 at the time of testing. Further visual impairments in the cataract groups included nystagmus (12 cases) and strabismus (9 cases). Moreover, nine patients had impaired stereo vision, and for two more patients information about their stereo vision was not available.
The third group consisted of normally sighted controls, matched for age and years of education (N = 14; 4 male, aged 13-50 years; mean age: 23 years).
Furthermore, a group of 10 visually impaired controls was tested (2 male, aged 22-50 years; mean age: 28 years). All of them had pattern vision from birth in at least one eye. Mean visual acuity at testing was 20/150 in the better eye (range: 20/66-20/280). Causes of visual impairment included macula degeneration (2 cases), optic atrophy (2 cases), albinism (2 cases), microphthalmus, corneal irregularity, retinal detachment, and developmental cataracts. This group was included to control for possible effects due to the reduced visual acuity of the cataract groups. As the group of visually impaired controls was very heterogeneous with respect to the cause, type, and duration of visual impairment, results of this group have to be interpreted with caution.
Written informed consent was obtained from all participants. For participants under 15 years of age, an age adapted consent form was used. For all participants younger than 18 years, informed consent was obtained from their parents, as well. Participants received course credit or were paid for participating. The experiment was performed in accordance with the ethical standards laid down in the Declaration of Helsinki (2000).
Stimuli
Stimuli consisted of four rows of five black 'pacmen' each with a diameter of 19 mm (1.8°of visual angle for normally sighted participants, see below) presented on a light grey background field of 235 * 195 mm with a resolution of 800 * 600 pixels. The openings of the pacmen were rotated in one of eight possible directions (0°, 45°, 90°, 135°, 180°, 225°, 270°or 315°). Performance was measured in three conditions: In condition 'illusory contour' four of the pacmen were rotated so that the percept of an illusory square with an edge length of 39 mm (3.7°of visual angle for normally sighted participants) was created. In condition 'real contour' the square was filled grey. In condition 'no contour' all pacmen were rotated in such a way that no illusory contour could be perceived (see Fig. 1 ). The illusory or real contour was presented at one of six different positions. Each stimulus in conditions 'illusory contour' and 'real contour' was repeated 10 times in the course of the experiment and each stimulus in condition 'no contour' was repeated 20 times. Thus, 60 trials with an illusory contour, 60 trials with a real contour and 120 stimuli without a contour were presented to obtain the same probabilities for 'yes' and 'no' answers (see below). Stimulus presentation was controlled by the software-package Presentation (www.nbs.neuro-bs.com).
Procedure
Each trial started with a black screen lasting for 1000 ms before a stimulus was presented and each stimulus remained on the monitor until the participant made a response after which the next trial was started automatically.
The maximum presentation time was restricted to 10 s. Participants were asked to judge as fast and as accurately as possible whether the display contained a contour or not, irrespective of whether it was a real or an illusory contour. They responded with the index and the middle finger of their preferred hand via two buttons of a computer mouse. Reaction times and error rates were recorded. Stimuli were randomized and stimulus presentation was divided in two blocks of 120 stimuli each, each block lasting for about 7-8 min. Participants were familiarized with the stimuli and the task before the the first block was started.
Viewing distance was 60 cm for normally sighted controls. It was not restricted for cataract patients and visually impaired controls to give them the possibility to adapt the distance to optimally fit their visual needs. All visually impaired participants wore their contact lenses or glasses.
Results
Detection times and error rates were measured for each of the three conditions 'illusory contour', 'real contour' and 'no contour'. Reaction times were calculated on correct trials only. Furthermore, visual binding processes were operationalized by calculating the difference between reaction times for illusory contours and real contours. Because of small and unequal group sizes nonparametric statistics were computed (Friedman Tests for intra-group comparisons and the Kruskal-Wallis Test for inter-group comparisons). A significant result of the Friedman-Test was followed by post-hoc comparisons as proposed by Conover (1971) , and a significant result of the Kruskal-Wallis Test was followed by post-hoc tests as suggested by Dunn (1964) . These post-hoc tests correct for the family-wise error rate and the Dunn test allows unequal sample sizes. Where power and effect size measures were calculated, the statistics package GPower (Erdfelder, Faul, & Buchner, 1996) was used. Results are shown in Figs. 2 and 3.
Friedman tests separately calculated for each group showed that detection times differed significantly between conditions (all p < 0.01). Detection times of all groups were smallest in condition 'real contour' and largest in condition 'no contour' and reaction times in condition 'illusory contour' were longer than in condition 'real contour' (all p < 0.05).
Group comparisons (Kruskal-Wallis Test) showed that groups differed significantly with respect to overall reaction times (p < 0.001). Post-hoc tests revealed that overall reaction times in the group of normally sighted controls were shorter than in the group of visually impaired controls and in cataract group 2 (both p < 0.05). Other group comparisons did not reach significance.
To test if cataract patients have specific difficulties in perceiving illusory contours compared to real contours, reaction time differences between illusory contours and real contours were computed. These reaction time differences are called Dt iÀr in the following. Groups were contrasted with respect to Dt iÀr (see Fig. 3 ), and the Kruskal-Wallis Test revealed a significant difference between groups (p = 0.001). Dt iÀr was significantly larger for cataract group 2 than for normally sighted controls and for visually impaired controls (both p < 0.05). Normally sighted controls and visually impaired controls did not differ significantly with respect to Dt iÀr , and Dt iÀr in cataract group 1 was not significantly different from any other group.
1
To test if visual acuity affected task performance, we calculated Pearson correlation coefficients between visual acuity in the overall group of visually impaired participants (visually impaired controls and cataract patients) and reaction times in conditions 'illusory contour', 'real contour' and 'no contour', and Dt iÀr . None of these correlations reached significance (all r < 0.3, all p > 0.15). A scatterplot of Dt iÀr vs. visual acuity is shown in Fig. 4 .
Median error rates were below 7% for all groups in all conditions. The group of visually impaired controls made significantly more errors in the condition 'illusory contour' than in the conditions 'real contour' and 'no contour' (both p < 0.05). Group comparisons revealed no significant differences in miss rates. Fig. 2 . Median reaction times as a function of contour type for each of the four groups; participants in cataract group 1 were treated for bilateral congenital cataracts before the age of 6 months, participants in cataract group 2 were treated for bilateral congenital cataracts after the age of 6 months; error bars represent the interquartile range (the range between the 25th and the 75th percentile). 2) ; note that the median of the differences is not equal to the difference of the medians; error bars represent the interquartile range (the range between the 25th and the 75th percentile).
In sum, whereas visually impaired controls and cataract patients exhibited similar overall reaction times, cataract patients treated after the age of 6 months had specific difficulties in perceiving illusory contours, as suggested by the prolonged reaction time differences between illusory and real contours (Dt iÀr ). Interestingly, cataract patients treated before the age of 6 months were indistinguishable from both visually impaired controls and normally sighted controls.
Asked about their subjective experience with the task, normally sighted controls and visually impaired controls reported the well-known ''pop-out effect'' for illusory as well as for real contours: squares were detected ''on first glance'' without the need to sequentially scan the display. Some cataract patients of group 1 reported to have occasionally experienced a pop-out effect for illusory contours. By contrast, cataract patients of group 2 never reported to have perceived a pop-out effect for illusory contours. To detect an illusory contour they reported to have searched the whole display for four pacmen with openings all facing each other. The use of such a strategy takes some time and may be the reason for longer reaction times for illusory than for real contours in this group. On the other hand, this strategy allowed patients to detect as many illusory contours as controls as demonstrated by the fact that cataract patients did not show larger miss rates than controls. If cataract patients indeed used a serial search strategy for the detection of illusory contours, shorter reaction times for stimuli presented in the first part of the display compared to those presented in the second part are expected. Thus, we contrasted reaction times for stimuli at the top and middle left positions with reaction times for stimuli at the bottom and middle right positions. Normally sighted participants and visually impaired controls did not show a significant difference between stimulus positions, neither for real nor for illusory contours. Participants of cataract group 1 exhibited shorter reaction times for the first compared to the second part of the stimulus display for illusory contours (p = 0.018) but not for real contours. Participants of cataract group 2 responded faster when stimuli appeared in the first part of the display with real as well as with illusory contours (p = 0.018 for both comparisons). However, in this group, the magnitude of the difference between the first and the second part of the display was significantly larger for illusory contours (median: 212.43 ms) than for real contours (median: 89.51 ms; p = 0.028). These results suggest that illusory contours did not ''pop out'' for cataract patients.
As mentioned above, viewing distance was restricted only for normally sighted controls but not for cataract patients and visually impaired controls. Visually impaired participants (cataract patients and controls) overall sat closer to the monitor than normally sighted controls. Thus, it could be argued that the longer reaction times and the missing pop-out effects in visually impaired participants were due to the shorter viewing distance adopted by these participants. As visual acuity in visually impaired controls was lower than that in both cataract groups, their viewing distance was equal to or even smaller than the viewing distance in cataract patients (according to the observations of author LP). Nevertheless, visually impaired controls did not use a search strategy but, in contrast to cataract patients, experienced a pop-out effect.
Although a major influence of viewing distance on the likelihood to experience a pop-out effect seemed rather unlikely, we conducted an additional experiment with 10 new normally sighted participants (3 male, mean age: 28 years, range: 23-38 years) to definitely exclude this alternative account for the group differences. Stimuli and design were the same as described above with the only exception that viewing distance was systematically varied. As viewing distance in the visually impaired participants changed dependent on their visual acuity, we varied viewing distance for the new participants between 20 cm (3 participants), 30 cm (4 participants), and 40 cm (3 participants) The original viewing distance for normally sighted controls had been 60 cm. The results showed that there was no significant correlation between the new viewing distances (20, 30, and 40 cm) and Dt iÀr (r = À0.15, p = 0.68). While with shorter viewing distances Dt iÀr increased somewhat compared to the original viewing distance (median Dt iÀr for the shorter distances: 114.0 ms, median Dt iÀr for a viewing distance of 60 cm: 60.26 ms, p = 0.031 (Mann-Whitney U-Test)), there was still a significant difference between Dt iÀr in normally sighted participants with shorter viewing distances and Dt iÀr in cataract group 2 (median Dt iÀr in cataract group 2: 402.7 ms, p = 0.002 (Mann-Whitney U-Test)). Furthermore, even with the reduced viewing distances normally sighted controls showed a pop-out effect for illusory as well as for real contours (i.e. detection times between the first and the second half of the display were not significantly different). Thus, while decreasing the viewing distance influ- Fig. 4 . Relationship between visual acuity and Dt iÀr for each of the three visually impaired groups (see legend of Fig. 2) . Note that the outlier (Dt iÀr = 1791 ms) did not bias the statistical analyses of group differences as nonparametric tests were calculated that used rank analyses. While the correlation did not reach significance for the combined group of all visually impaired participants (r = À0.12, p = 0.59) and for cataract group 2 (r = À0.36, p = 0.43), cataract group 1 showed a negative correlation between visual acuity and Dt iÀr (r = À0.80, p = 0.032) and the visually impaired controls displayed a marginally significant positive correlation (r = 0.59, p = 0.075). For cataract group 2, power (1 À b) was 0.62, and 37 participants would be necessary to obtain a result significant at the a = 0.05 level.
ences detection times, it cannot explain the prolonged reaction time differences between illusory and real contours and the missing pop-out effect of cataract patients of group 2.
The missing pop-out effect for illusory contours observed for cataract patients suggests that they did not perceive illusory contours as a coherent object. Instead they might have performed the task using a cognitive strategy like ''Say 'yes, there is a contour' if you find four pacmen all facing each other.'' Experiment 1 included only one type of contour and thus allowed solving the task with such a visual search strategy.
In Experiment 2, participants were therefore asked to detect and identify one of four possible illusory or real contours (square, parallelogram, triangle, or diamond) without knowing in advance which contour, if any, would be present in the display. For normally sighted participants, apparently experiencing a pop-out effect, we expected a similar task performance as in Experiment 1. By contrast, for cataract patients who presumably use a visual search strategy, we expected both relatively longer detection times and higher miss rates for illusory than for real contour stimuli compared to normally sighted participants. As Experiment 1 showed severe impairments only for patients treated relatively late, in Experiment 2 only patients treated after their fifth month of life were tested.
Experiment 2
3.1. Methods
Participants
Five patients (2 male; aged 16-43 years; median age: 27 years) treated for dense bilateral congenital cataracts between 5 and 24 months of age (median: 8 months) participated. Three patients were diagnosed with congenital cataracts during the first 6 months of life, the two remaining during the first 10 months of life. While family history in these two patients implies that visual deprivation began at birth as in the remaining three patients, we cannot totally exclude the possibility that cataracts grew dense only in the months before detection (see Section 4). Mean visual acuity in the better eye was 20/140 (range 20/100-20/200). Three of the cataract patients had participated in Experiment 1, as well. They were compared to five normally sighted controls matched for age, gender, and years of education (3 male; aged 15-46 years; median age: 24 years). Data from 16 normally sighted participants had been collected but, following the suggestion of an anonymous reviewer, only the data of the five participants are reported who best matched the cataract patients with respect to age, gender and education. Results are very similar when the whole group of controls is considered.
Written informed consent was given by participants and for participants below the age of 18 years also by their parents. Participants received course credit or were paid for participating. The experiment was performed in accordance with the ethical standards laid down in the Declaration of Helsinki (2000).
Stimuli
Stimuli consisted of a non-symmetric arrangement of 20 black pacmen on a light grey background field (size and resolution were the same as in Experiment 1). Pacmen were created by cutting an angle of 60°, 90°or 120°out of a black disc. They were rotated by 0°, 45°, 90°, 135°, 180°, 225°, 270°or 315°. One of four possible illusory contours (a square, a parallelogram, a triangle, or a diamond) was created by arranging three or four pacmen accordingly. To create real contours, the area enclosed by the edges of the pacmen was filled grey. Each contour could be located at one of five possible positions. To create stimuli without a contour, pacmen were rotated and shifted randomly (Fig. 5) .
Procedure
The procedure was the same as in Experiment 1 with the following exceptions: When the participant had indicated via button press to have seen a contour she or he was asked to identify the type of the figure. The answer was given verbally and registered by the experimenter via keyboard. Viewing time was not restricted and the stimulus remained on the monitor until a button was pressed. In the first part of each trial (contour detection), velocity and accuracy were stressed, while in the second part (contour identification) participants were asked to focus on accuracy.
Stimuli were presented in four blocks of 160 stimuli each. Each block comprised 40 real contours, 40 illusory contours and 80 stimuli without a contour and took about 10 min. to complete. Before testing, participants were told which shapes could appear in the display and they were shown examples of one illusory and one real contour. Furthermore, to familiarize them with the task, they completed a short practice session before the start of the experiment. 
Results
Median detection times and error rates were calculated for the three conditions 'illusory contour' , 'real contour' and 'no contour'. Only correct trials were considered for the reaction time analysis. A miss was defined as a trial in which the contour in the display was not detected. A false alarm, on the other hand, was counted when participants reported seeing a contour although neither a real nor an illusory contour was present. As false alarm rates were below one percent for all participants, they were not further examined.
For intra-group comparisons nonparametric Friedman Tests, followed by post-hoc analyses as proposed by Conover (1971) , were computed for reaction times and Wilcoxon Signed-Ranks Tests were computed for miss rates. For inter-group comparisons nonparametric Mann-Whitney U-Tests were computed. Whenever a directional hypothesis was derived from the results of Experiment 1, one-tailed significance tests were calculated. Table 1 displays median reaction times for contour detection for cataract patients and normally sighted controls. In both groups reaction times differed significantly between conditions (both p < 0.01). Detection times for no contour stimuli were largest and detection times for real contours were smaller than for illusory contours (all p < 0.05). Overall detection times were significantly larger in the cataract group than in the normally sighted group (p = 0.008). Furthermore, as in Experiment 1, the difference between reaction times for illusory contours and for real contours (Dt iÀr ) was significantly larger in the cataract group than in the group of normally sighted participants (p = 0.016, one-tailed)
2 . There was no significant Pearson correlation between visual acuity and Dt iÀr in the cataract group (r = À0.41, p = 0.49). The power for this correlation is 1 À b = 0.66, and the estimated sample size to get a significant result at the a = 0.05 level would be 30.
If cataract patients have difficulties in visual binding processes, they should show lower detection rates than normally sighted controls particularly for illusory contours. As seen in Fig. 6 (also see Table 2 ), in both groups percent misses were larger for illusory contours than for real contours (both p < 0.05), that is, real contours were detected more reliably than illusory contours. Whereas miss rates for real contours were not significantly different between groups (p = 0.31), cataract patients missed significantly more illusory contours than normally sighted participants (p = 0.028, one-tailed).
While miss rates for real contours were not related to visual acuity in the cataract group, there was a significant positive correlation between visual acuity and miss rates for illusory contours (r = 0.94, p = 0.019). That is, miss rates for illusory contours were the higher the better the visual acuity was. A scatterplot of miss rates vs. visual acuity is seen in Fig. 7 .
Groups did not differ with respect to the correct identification of detected contours (p = 0.866 for real contours and p = 0.672 for illusory contours). Once detected, shapes were identified correctly in more than 98% of all trials in both groups. Cells include the group median and the interquartile range in brackets (the range between the 25th and the 75th percentile); diff.: median of the differences between reaction times for illusory contours and real contours (note that the median of the differences is not equal to the difference of the medians). Fig. 6 . Median percent misses for cataract patients (all treated after the age of 5 months) and normally sighted controls; error bars represent the interquartile range (the range between the 25th and the 75th percentile). Cells include the group median and the interquartile range in brackets (the range between the 25th and the 75th percentile).
2 Reaction time differences were again normalized by dividing Dt iÀr by the mean reaction time for real contours for each participant. There was a trend towards longer normalized Dt iÀr in the cataract group compared to controls (median normalized Dt iÀr in the cataract group: 0.67, in the control group: 0.36, p = 0.076). Effect size was d = 2.0 and power was 1 À b = 0.89 so that 11 participants would be necessary in each group to obtain a result significant at the a = 0.05 level (the asymptotic relative efficiency A.R.E. of the U-Test was assumed to be 0.955 following Lehmann (1975) ).
The results of Experiment 2 suggest that with a more complex design cataract patients treated after 5 months of age are not only slower in detecting illusory contours compared to controls, they also display larger miss rates. A similar deficit was not observed for the processing of real contours. As viewing time was not restricted and the cataract group did not have difficulties in detecting real contours, the higher miss rates for illusory contours in the cataract than in the control group cannot be attributed to the lower visual acuity in the cataract patients. Instead, we suggest that the period of early visual deprivation experienced by these participants caused a permanent deficit in feature binding processes.
General discussion
In two experiments, we investigated whether the capacity to automatically bind object features is dependent on visual experience in the first months of life.
In Experiment 1, participants treated for bilateral congenital cataracts were asked to detect illusory contours (Kanizsa squares) and real contours among distractor items. Cataract patients treated after the age of 6 months displayed prolonged reaction time differences between illusory and real squares compared to normally sighted controls and compared to visually impaired controls. Interestingly, cataract patients treated before the age of 6 months showed reaction time differences comparable to the group of visually impaired controls and comparable to normal controls. Thus, on first glance, they did not seem to exhibit a similar specific processing deficit for illusory contours as patients treated later in life. However, the analysis of reaction times to stimuli in the first half vs. the second half of the display suggested that participants in both cataract groups most likely did not experience a pop-out effect as did normally sighted and visually impaired controls. By contrast, cataract patients seemed to use a serial search strategy to find illusory contours.
Visually impaired controls and cataract patients treated after 6 months of age were overall slower in detecting contours among distractors than normally sighted participants. This outcome is not surprising given the multiple visual restrictions these participants suffered from. Importantly, compared to visually impaired controls cataract patients treated after the age of 6 months showed a specific processing deficit for illusory contours as demonstrated by the larger reaction time differences between illusory and real contours.
To further test the hypothesis that cataract patients did not perceive illusory contours as coherent objects, four different illusory or real contours had to be detected and named in Experiment 2. Miss rates for illusory contours, but not for real contours, were significantly increased in the group of cataract patients (all treated relatively late, i.e. after 4 months of age). Thus, cataract patients had greater difficulties in detecting illusory contours although viewing time was not restricted. Furthermore, as in Experiment 1, detection time differences between illusory and real contours were prolonged in the cataract group compared to normally sighted controls.
An additional control experiment confirmed that the impaired performance of cataract patients with relatively long deprivation cannot be attributed to different viewing distances adopted by cataract patients and controls.
Visual binding processes depend on early visual experience
The present results suggest that despite sufficient visual acuity illusory contour perception is permanently impaired after a period of visual deprivation in early infancy lasting for more than 5 to 6 months. Since cataract patients were able to extract local features as the orientation of the pacmen that are necessary to perceive real forms, we propose that automatic binding processes responsible for the perception of illusory contours are compromised by early visual deprivation. The binding of low-level object features like edges and angles to form a coherent percept has been related to the synchronized firing of neurons in distributed cortical networks (Eckhorn et al., 1988 ; for a review see Engel, Fries, & Singer, 2001) . These binding processes have been associated with oscillations in the gamma-band range both in EEG and MEG recordings. Gamma-band oscillatory responses have been found not only for real objects but also for illusory contour perception (Herrmann & Mecklinger, 2000; Herrmann, Mecklinger, & Pfeifer, 1999; Tallon et al., 1995) . Kaiser, Bü hler, and Lutzenberger (2004) compared oscillatory responses induced by illusory Kanizsa triangles, real triangles and no-triangle stimuli. They found that binding processes for real and illusory contours activated overlapping but also particularly distinct neural processes.
Similar EEG recordings in infants during the perception of Kanizsa figures suggest that visual binding processes as indicated by gamma oscillations develop during the first months of life. Csibra et al. (2000) observed an enhancement of induced gamma-band activity in response to a Kanizsa square in 8-month-old infants similar to the gamma-band response in adults. In 6-month-old infants, Fig. 7 . Relationship between visual acuity and miss rates in the group of the cataract patients.
in contrast, gamma-bursts were dissimilar to those in adults and showed a much higher variability and latency. It is thus likely that adult-like binding processes develop between the sixth and the eighth month of life. The present study suggests that the development of these binding processes depends on sensory experience during this epoch in life and accordingly seems to be permanently impaired if normal visual input is not available.
Roelfsema, Kö nig, Engel, Sireteanu, and Singer (1994) studied the effect of strabismic amblyopia in cats on the synchronization capacity of neurons in visual cortex, using moving light bars and gratings. They found stronger synchronization of responses in neurons in area 17 driven by the normal eye than in neurons driven by the amblyopic eye, suggesting that neural processes associated with binding are indeed susceptible to visual deprivation. In a next step, therefore, electrophysiological responses during the presentation of illusory contour stimuli should be recorded in patients with congenital cataracts in order to directly assess cortical binding processes.
Evidence for impaired binding processes for visual features as a result of visual deprivation comes also from a case study by Sacks (1995) . He investigated the case of a man whose bilateral cataracts had been removed at the age of 50 years. Sacks anecdotically reported that his patient was able to perceive single object features like an angle, an edge, or a colour, but that he was not capable of combining these details to form a coherent object.
In our Experiment 2, on the other hand, cataract patients were able to correctly identify the illusory contours, once they had detected them. This may indicate that they can succeed in feature binding (although with a lower probability) by activating more time consuming controlled processes rather than fast, automatic mechanisms.
Studies of holistic face perception support the assumption that feature binding processes rely on normal visual input during a sensitive period in early infancy and thus are susceptible to early visual deprivation (Le Grand et al., 2001; Le Grand et al., 2004) . In visually normal adults, faces are processed holistically, that is, their parts are integrated to form a Gestalt. This phenomenon is demonstrated for example by the 'composite face effect': Participants have difficulties separating the top and bottom halves of faces to indicate for example whether the top halves of two faces are the same or different. Le Grand et al. (2004) reported that patients treated for dense congenital cataracts showed a smaller composite face effect than controls, and in fact performed better than controls when faces with the same top halves were presented aligned to different bottom halves. Furthermore, Le Grand et al. (2001) observed that cataract patients had difficulties in perceiving distances among facial features while they were able to discriminate faces based on differences of features like the eyes or the mouth. These findings are in line with our results and let assume that normal vision in early infancy is necessary for the regular development of feature binding processes.
Prevailing visual impairments cannot account for the present results
It could be argued that the lower visual acuity in the cataract groups affected task performance. To exclude this possibility, visually impaired controls (who had not experienced a period without patterned visual input in early infancy) were investigated in Experiment 1. At the time of testing, their visual acuity was similar to or even worse than that of the cataract patients. Although the mean visual acuity of these controls was somewhat lower than that of cataract patients they showed better performance for illusory compared to real contours than did cataract patients treated after the age of 6 months (group 2). In addition, correlations between visual acuity and task performance were computed. There was no significant correlation between visual acuity and reaction time differences between real and illusory contours in the overall group of all visually impaired participants (N = 24). Dividing the overall group into sub-groups (visually impaired controls, cataract group 1, cataract group 2) resulted for cataract group 1 in a significant negative correlation, for cataract group 2 in no correlation and for visually impaired controls in a trend towards a positive correlation between visual acuity and task performance. To account for the differences between the cataract groups 1 and 2 with respect to the correlation between visual acuity and task performance it could be speculated that, after a certain duration of deprivation has passed, perceptual capacities are permanently modified, irrespectively of visual acuity: Even relatively good acuity cannot overcome the impact of the impairment in object perception functions.
If differences in visual acuity were responsible for differences in task performance between groups, it would have been expected that (1) the group of participants with the lower acuity (visually impaired controls) showed poorer performance than the groups with better visual acuity (the cataract groups) and (2) that in the whole group and in all subgroups of visually impaired participants visual acuity correlated with task performance. This was not the case. Thus, visual acuity cannot account for the observed group differences. Finally, error rates for all visually impaired participants were quite low, strengthening the assumption that visual acuity of all participants was sufficient to succeed in the tasks.
In Experiment 2, as in Experiment 1, there was no correlation between visual acuity and reaction time differences between real and illusory contours in the cataract group. Miss rates for real contours were very low and not significantly different from those of normally sighted controls. Furthermore, cataract patients were not only able to detect real contours but also to correctly identify them. Thus, it is very unlikely that group differences in task performance were due to differences in visual acuity. There was, however, a significant positive correlation between visual acuity and miss rates for illusory contours in Experiment 2: the higher the visual acuity, the more illusory contours were missed. We do not have a straightforward explanation for this effect, but at least it is apparent that this result further contradicts the assumption that higher miss rates in the cataract group were caused by their lower visual acuity.
As mentioned above, we cannot entirely exclude the possibility that in one patient in Experiment 1 and in two patients in Experiment 2, whose cataracts were diagnosed at 10 months of life, cataracts were not completely dense from birth on but grew dense during the first months of life. Nevertheless, these patients showed performance (Dt iÀr in Experiment 1 and miss rates for illusory contours in Experiment 2) near or poorer than the group median and were thus strongly impaired in illusory contour perception. Hence, their performance supports the assumption that their cataracts indeed were congenital or that they were at least existing while the ''sensitive period for damage'' (Lewis & Maurer, 2005) was still persisting. This period, defined as the epoch of vulnerability to obstructing experiences, has been proposed to extend beyond the period of normal development (Lewis & Maurer, 2005) so that abnormal experience can affect perception even if it does not start at birth.
Conclusions
In summary, the present data provide the first evidence that the full development of object feature binding capacities depends on visual input during the first months of life and is particularly susceptible to disturbance if visual deprivation lasts for more than 5 months.
